INTRODUCTION
============

The cytomegalovirus (CMV) is one of the most important opportunistic pathogens affecting morbidity in transplant recipients ([@B1][@B2]). Although universal prophylaxis and preemptive antiviral therapy in transplant recipients at high risk of post-transplant CMV infection have become widely used, occasional cases of tissue-invasive CMV disease occur ([@B2]). The optimal strategy for preventing CMV disease in transplant recipients with risk factors for CMV infection is therefore required but still unknown. The current risk stratification for CMV reactivation after solid organ transplantation (SOT) is largely based on the serostatus of CMV IgG before transplantation. In brief, sero-negative recipients are at highest risk of CMV infection when the donors are sero-positive. When both donor and recipient are sero-positive, the risk is modest, and sero-negative recipients receiving grafts from sero-negative donors are at least risk of CMV infection or reactivation. However, most Korean adults (\>95%) are sero-positive for CMV IgG ([@B3]), so that most SOT donor and recipient combinations are in the same risk category based on serologic risk stratification.

CMV infection is mainly controlled by CMV-specific T cells that target CMV proteins such as immediate-early 1 (IE-1), IE-2, and phosphoprotein 65 (pp65) ([@B4]). Measurement of the CMV-specific T cell response has been proposed as an alternative to the current risk stratification strategy based on serology. We therefore examined the usefulness of pre-transplant CMV-specific T cell assays in kidney transplant (KT) candidates for predicting the development of CMV infections after transplantation using the commercial QuantiFERON-CMV assay and overlapping peptides (OLPs)-based enzyme-linked immunospot (ELISPOT) assays.

MATERIALS AND METHODS
=====================

Study population
----------------

All patients admitted for transplantation to a renal transplant unit in a 2,700-bed, tertiary-care hospital in Seoul, Korea, between April 2015 and August 2015, were prospectively screened. Serological tests for CMV IgG were performed in both KT recipients and donors. Sero-positive KT recipients were included in the study, regardless of donor sero-positivity. Patients who refused informed consent, and transplant candidates under 16-years-old were excluded. Universal oral valganciclovir was given only to the highest CMV risk group (D+R−). CMV antigenemia assays were performed weekly during the first month, bi-weekly during the 1st and 3rd months after KT and then monthly to 6 months after KT. CMV antigenemia of more than 50 cells per 200,000 leukocytes was an indication for preemptive therapy. Conventional-dose ganciclovir (5 mg/kg twice daily) as preemptive therapy was given daily for at least 2 weeks and until patients were negative for CMV antigenemia. All individuals were informed of the nature of the study, and all participants provided written informed consent. This investigation was approved by the Institutional Review Board of Asan Medical Center.

OLPs-based ELISPOT
------------------

Peripheral blood was collected from each patient before transplantation, and peripheral blood mononuclear cells (PBMCs) were isolated using Lymphocyte Separation Medium (Corning, New York, NY, USA). The CMV ELISPOT assay was performed with frozen PBMC samples and OLPs (JPT Peptide Technologies, Berlin, Germany) dissolved in 4% dimethyl sulfoxide (DMSO). Ninety-six-well plates were pre-coated with anti-human interferon (IFN)-γ antibody (2 μg/ml) (Thermo Fisher Scientific, Waltham, MA, USA). PBMCs were suspended at 2.0 ×10^6^ cells/ml in RPMI 1640+5% FBS, and samples of 2.0×10^5^ cells were placed in wells. The samples were stimulated with CMV pp65 OLPs, IE-1 OLPs, phytohemagglutinin (Thermo Fisher Scientific), or medium containing solvent, then incubated for 27 h. Spots were detected with anti-human IFN-γ antibody (Thermo Fisher Scientific) and streptavidin-alkaline phosphatase (Invitrogen, Carlsbad, CA, USA). Spots were counted and analyzed with an automated ELISPOT plate reader (ImmunoSpot Analyzer; Cellular Technology Limited, Cleveland, OH, USA), and the results were expressed as spot-forming units/2.0×10^5^ cells.

QuantiFERON-CMV
---------------

Peripheral blood was placed in QuantiFERON-CMV (Qiagen, Hilden, Germany) collection tubes consisting of Nil control tubes, a CMV antigen tube and a mitogen tube. The tubes were mixed repeatedly, incubated for 24 hours, and centrifuged, and plasma samples were assayed by IFN-γ ELISA in accordance with the manufacturer\'s instruction. Acceptable control results were: CMV-Nil \<0.2 IU/ml, and Mitogen-Nil ≥0.5 IU/ml (non-reactive, CMV-Nil ≥ 0.2 IU/ml; reactive, CMV-Nil \<0.2 IU/ml; and intermediate, Mitogen-Nil \< 0.5 IU/ml).

Assessment of outcomes
----------------------

The primary outcome was the development of CMV infection 6 months after KT. Patients with CMV antigenemia or CMV disease were considered to have a CMV infection. CMV antigenemia was defined as pp65 antigenemia, and CMV disease was defined as CMV syndrome or tissue-invasive CMV disease. CMV syndrome was defined as CMV antigenemia and at least one of the following: fever \>38°C; new onset severe malaise; leucopenia in 2 successive measurements (WBC count of \<3,500 cells/μl); atypical lymphocytes of \>5%; thrombocytopenia of \<100,000/mm. Tissue-invasive CMV was defined as evidence of localized CMV infection (cells with CMV inclusions, or in situ detection of CMV antigen by immunohistochemistry or DNA) in a biopsy or other appropriate specimen (e.g., bronchoalveolar lavage, cerebral spinal fluid), and symptoms of organ dysfunction.

Statistical analysis
--------------------

Since this study was a proof-of-concept study, no required sample size was calculated. We planned to enroll over a 5-month period and monitor the development of CMV infection for an additional 6 months. The optimal cut-off values for ELISPOT results were obtained from receiver operating characteristic (ROC) curves. Sensitivity and specificity were used to express diagnostic performance. Fisher\'s exact test was used to test differences between positive and negative groups. Differences between continuous variables were compared using the Mann-Whitney *U* test. The p values of less than 0.05 in 2-tailed tests were considered to be statistically significant. All statistical analysis was performed with the SPSS for Windows software package, version 23 (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Patient characteristics
-----------------------

[Fig. 1](#F1){ref-type="fig"} is a flow chart of the study. A total 48 candidates for KT were enrolled between April 2015 and August 2015. However, one patient was excluded due to cancellation of the operation. Finally, 47 patients undergoing 45 living-donor KTs (96%) and 2 deceased-donor KTs (4%) were enrolled. The development of CMV infections after KT was observed between April 2015 and February 2016. The baseline clinical characteristics of the study patients are shown in [Table 1](#T1){ref-type="table"}.

![Flow chart of the study. The chart indicates the number and percentage of patients with CMV episode within the group of patients with positive or negative results of assay that defined by the cut-off value obtained from ROC curve.\
CMV, cytomegalovirus; ROC, receiver operating characteristic; LDKT, living-donor kidney transplant; DDKT, deceased-donor kidney transplant; pp65, phosphoprotein 65; IE-1, immediate-early 1; ELISPOT, enzyme-linked immunospot.](in-17-317-g001){#F1}

###### Characteristics of transplant recipients

![](in-17-317-i001)

  Patient characteristic                                    Value                                                        
  --------------------------------------------------------- ------------------------------------------------------------ ---------
  Mean age, years                                           43±12                                                        
  Male gender                                               25 (52)                                                      
  Primary reason for transplant                                                                                          
                                                            Glomerulonephritis                                           16 (34)
                                                            Hypertension                                                 12 (26)
                                                            Diabetes mellitus                                            4 (9)
                                                            Unknown                                                      10 (21)
                                                            Polycystic kidney disease                                    1 (2)
                                                            Others                                                       4 (9)
  Transplant type                                                                                                        
                                                            Living donor kidney                                          45 (96)
                                                            Deceased donor kidney                                        2 (4)
                                                            ABO-mismatch transplantation                                 14 (30)
  Primary transplant induction therapy at transplantation                                                                
                                                            Anti-IL2 receptor antibodies                                 45 (96)
                                                            Rituximab                                                    15 (32)
  CMV serostatus                                                                                                         
                                                            D+/R+                                                        46 (98)
                                                            D−/R+                                                        1 (2)
  CMV infection                                                                                                          
                                                            CMV antigenemia                                              10 (21)
                                                            CMV antigenemia \> 50 CMV-positive cell/200,000 leukocytes   3 (7)
                                                            CMV syndrome                                                 0
                                                            Tissue-invasive CMV                                          1 (2)

Values are presented as number of patients (%) or mean±standard deviation.

CMV, cytomegalovirus; D, donor; R, recipient

Development of CMV infection and interferon-γ release assay (IGRA) assays
-------------------------------------------------------------------------

After KT, 10 of the 47 patients (21%) developed CMV infections. Of these 10, 3 (7%) had significant CMV antigenemia (\>50 CMV positive cells/200,000 leukocytes) and 1 (2%) had a tissue-invasive CMV infection. To assess the diagnostic performance of the OLPs-based ELISPOT assay, we obtained optimal cut-off values for each OLP using ROC curves. The cut-off values for predicting CMV development after KT were 134 spots and 128 spots for the CMV pp65 ELISPOT and IE-1 ELISPOT, respectively. When we applied the cut-off value for the CMV pp65 ELISPOT, 9 of the 32 patients (28%) with positive results and 1 of the 15 patients (7%) with negative results developed CMV (p=0.14). Using the cut-off value for the CMV IE-1 ELISPOT, 3 of the 5 patients (60%) with positive results and 7 of the 42 patients (17%) with negative results had CMV infection (p=0.057). In addition, when we used the criterion of positive CMV pp65 or IE-1 ELISPOT (\>134 spots), 10 of 34 patients (29%) with positive CMV pp65 or IE-1 ELISPOT results and none of the patients with negative results developed CMV (p=0.04). The results of pp65 and IE-1 ELISPOT were significantly correlated (p=0.04). However, there were no significant correlation between the results of ELISPOT and QuantiFERON-CMV ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}).

When we evaluated the diagnostic performance of the QuantiFERON-CMV assay according to the manufacturer\'s recommendation, 6 of the 21 patients (29%) with non-reactive results had CMV infections after transplantation and 4 of the 26 patients (15%) with reactive QuantiFERON-CMV results did not (p=0.31). The diagnostic performance of each assay is shown in [Table 2](#T2){ref-type="table"} and the responses to CMV according to the presence of CMV infection after KT are shown in [Fig. 2](#F2){ref-type="fig"}.

###### Performance of each test in predicting CMV infection after kidney transplantation

![](in-17-317-i002)

  Assays                                                    Sensitivity   Specificity     PPV, % (95% CI)   NPV, % (95% CI)   LR^+^ (95% CI)   LR^−^ (95% CI)   AUC (95% CI)                             
  --------------------------------------------------------- ------------- --------------- ----------------- ----------------- ---------------- ---------------- -------------------- ------------------- -------------------
  CMV pp65 PBMC ELISPOT \>134 spots/2×10^5^ PBMCs           9/10          90 (56--100)    14/37             39 (24--57)       28 (14--47)      94 (70--100)     1.49 (1.09--2.07)    0.25 (0.04--1.69)   0.64 (0.49--0.77)
  CMV IE-1 PBMC ELISPOT \>128 spots/2×10^5^ PBMCs           3/10          30 (7--65)      35/37             95 (82--99)       60 (15--95)      83 (69--93)      5.55 (1.07--28.82)   0.74 (0.49--1.12)   0.51 (0.36--0.66)
  CMV pp65 or IE-1 PBMC ELISPOT \>134 spots/2×10^5^ PBMCs   10/10         100 (69--100)   13/37             35 (20--53)       29 (15--48)      100 (75--100)    1.54 (1.22--1.95)    Not applicable      0.68 (0.52--0.80)
  QuantiFERON-CMV \<0.2 IU/ml                               6/10          60 (26--88)     22/37             59 (42--75)       29 (11--52)      85 (65--96)      1.48 (0.78--2.80)    0.67 (0.30--1.50)   0.55 (0.36--0.73)

CMV, cytomegalovirus; PPV, positive predictive value; NPV, negative predictive value; LR^+^, positive likelihood ratio; LR^−^, negative likelihood ratio; AUC, area under curve; CI, confidence interval; pp65, phosphoprotein 65; PBMC, peripheral blood mononuclear cell; ELISPOT, enzyme-linked immunospot; IE-1, immediate-early 1.

![Pre-transplant CMV-specific T cell responses in the patients with CMV episode. CMV-specific T cell responses were measured by stimulating PBMCs with OLPs pools of (A) pp65, (B) IE-1 in ELISPOT or (D) combination of immunodominant peptides of CMV in QuantiFERON-CMV. The combined result of (A) and (B) is represented in (C) pp65 or IE-1. In (A-C), pre-transplant CMV-specific T cell responses of the patients with post-transplant CMV episode were likely to be higher than the patients without post-transplant CMV episode. In (D), however, IFN-γ concentration was tended to lower in the patients with CMV infection. Each result was obtained by 2 repeated experiments.\
CMV, cytomegalovirus; PBMC, peripheral blood mononuclear cell; OLP, overlapping peptide; pp65, phosphoprotein 65; IE-1, immediate-early 1; ELISPOT, enzyme-linked immunospot; IFN, interferon.](in-17-317-g002){#F2}

DISCUSSION
==========

In this study, we evaluated pre-transplant CMV-specific cell-mediated immunity using the QuantiFERON-CMV and OLP-based IFN-γ ELISPOT assays to predict CMV the development after KT in KT recipients at moderate risk of CMV infection. We found that the in-house OLP-based CMV ELISPOT assay predicted infection after operation better than the commercial IFN-γ-releasing assay. Our data thus indicate that patients who have high CMV-specific ELISPOT responses before transplantation are prone to develop CMV infection after transplantation.

Previous studies that monitored CMV-specific pre-transplantation T cell responses in order to predict CMV infection consistently reported that strong responses to CMV antigen were inversely correlated with viral loads in the blood, or the extent of virus replication in solid organ transplant recipients ([@B5][@B6][@B7]). However, studies of congenital CMV infection ([@B8][@B9]) and our previous examination of CMV infections in hematopoietic stem cell transplant recipients ([@B4]) found that stronger IFN-γ responses to viral antigen were instead positively correlated with CMV infection. Furthermore, the same positive correlation was observed for infections with other viruses such as varicella-zoster virus and BK virus ([@B10][@B11]). Hence, our findings are consistent with these previous studies ([@B4][@B8][@B9][@B10][@B11]). There are a few possible explanations for the discrepancy between the results our study and those of previous studies. First, a single cytokine result of IFN-γ may not thoroughly represent CMV-specific cell-mediated immunity. Because a large population of effector T cells against CMV is polyfunctional, information about the responses of multiple cytokines could provide a more reliable prediction of CMV infection than a single cytokine result of IFN-γ ([@B12]). Second, we evaluated cell-mediated immune response at a single time point during the pre-transplant period, when immunosuppressive therapy was not used. In our previous study ([@B4]), we have observed that aggressive change of CMV immunity in allogeneic stem cell transplantation can be useful for identifying patients who are at risk of CMV development or relapse. In terms of methods, our hospital routinely diagnosed CMV infection by positive CMV antigenemia assay, whereas previous studies ([@B5][@B6][@B7][@B8]) performed CMV surveillance by quantitative real-time PCR. Quantitative real-time PCR in plasma specimen assay were proved to be more sensitive than CMV antigenemia in detecting CMV viremia in allogenic stem cell transplantation ([@B13]). Thus, the serostatus of patients might affect the results of IFN-γ releasing assay, and only seropositive recipients were enrolled in our study. It may be possible that the difference in serostatus of patients in other studies and that of our R+ patients caused the discrepancy.

There are two possible explanations for this observation. First, patients with high latent virus loads or experiencing frequent virus reactivation pre-transplantation might have strong cell-mediated immune responses to CMV, and the high CMV-specific IFN-γ response could be a surrogate for this increased CMV burden. Second, it is possible that the abrupt change of CMV-specific T cell response upon receipt of an immunosuppressive drug might increase vulnerability to CMV reactivation, compared with a certain absolute value of CMV-specific IFN-γ response. That is, a dynamic change of T cell response during a certain period may provide important information concerning the future development of CMV infection. Although we did not evaluate this dynamic change between 2 time points, we assume that an initial high CMV-specific T cell response before KT might result in a greater dynamic change, based on our previous data ([@B4]).

There are several limitations to our study. First, most of the KT recipients enrolled in this study had D+R+ serostatus. Thus, further studies are needed of KT recipients of different CMV serostatus. Second, some may argue that evaluation of the IFN-γ-releasing T cell response gives limited information about CMV infection. Recent studies revealed that polyfunctional T cell responses predicted risk of CMV after lung transplant ([@B12]). Hence, evaluation of polyfunctional CMV-specific T cell responses might provide additional useful information for predicting CMV infection after KT. Further studies are needed in this area. Second, some may argue that immunosuppressive regimen could affect the results of ELISPOT and QuantiFERON assays in KT recipients. The blood samples were drawn 2--5 days before the scheduled transplant surgery and the immunosuppressive therapy in living-donor KT recipients, so the results of ELISPOT and QuantiFERON could not have been affected by the immunosuppressive regimen in the 45 living-donor KT recipients. However, the blood samples from 2 deceased-donor KT were obtained 1--2 days after emergency transplant surgery and the induction of immunosuppressive drugs. Therefore, the results of ELISPOT and QuantiFERON might have been affected by the immunosuppressive regimen in deceased-donor KT recipients. Nevertheless, our previous studies on ELISPOT assays for TB in KT recipients ([@B20]) revealed that the subgroup analysis limited to living-donor KT recipients yielded similar results from the total patients cohort including living-donor and deceased-donor KT recipients; therefore, the immunosuppressive therapy would not have significantly affected our study results. Third, we measured CMV-specific T cell responses by pp65 and IE-1 in individual wells, and some may argue that simultaneous stimulation of both antigens is better than individual antigen stimulation. Further studies are needed to determine which type of antigenic stimulation may better predict the development of CMV infection after the transplantation. Fourth, the present sample size is not sufficient to measure true difference between groups. However, previous studies ([@B5][@B6][@B7][@B14][@B15][@B16][@B17][@B18][@B19]) also enrolled small number of patients ranging from 10 to 80 (average 35 patients). Therefore, this preliminary study may be useful for calculating the sample size for further confirmatory studies. Finally, we measured T cell responses only in the pre-transplant period. To identify whether CMV-specific T cell response is dynamically changed as shown in our previous study ([@B4]) and affect the development of CMV infection after transplantation, multiple time point observations are needed in future studies.

In conclusion, a higher CMV-specific T cell response at baseline appears to increase the probability of a CMV infection after KT. This suggests that the recipients with abrupt change of CMV-specific T cell response due to immunosuppression, or a high CMV-specific T cell response due to frequent CMV activation before KT might be prone to CMV infection.
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###### Supplementary Figure 1

Correlation between ELISPOT results and QuantiFERON-CMV. (A) CMV pp65 ELISPOT result and IE-1 ELISPOT results show significant correlation. (B-D) Results of QuantiFERON-CMV (represented by the amount of IFN-γ) and those of ELISPOT had no significant correlation.
